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Platelets are recruited to sites of vascular injury, where they
are activated and aggregate to form a hemostatic plug. This pro-
cess requires the activation of the small GTPase Rap1B by its
cognate guanine nucleotide exchange factor CalDAG-GEFL
Studies on platelet function suggest that CalDAG-GEFI activity
is regulated by changes in cytosolic calcium, but the exact
molecular mechanism is poorly understood. Here we show that
purified CalDAG-GEFI is autoinhibited and directly regulated
by calcium. Substitutions of putative calcium-binding residues
within the canonical EF hands of CalDAG-GEFI diminish its
capacity to activate RaplB. Structural differences between
active (WT) and inactive (EF hand variant) CalDAG-GEFI pro-
tein were determined by hydrogen—deuterium exchange MS.
The highest differential rates of deuterium uptake in WT over
EF hand variant CalDAG-GEFI were observed in regions within
the catalytic Cdc25 domain and a putative autoinhibitory linker
connecting the Cdc25 and EF hand domains. Exchange activity
in the EF hand variant was fully restored by an additional sub-
stitution, valine 406 to glutamate, which is thought to disrupt
the interface between the autoinhibitory linker and the Cdc25
domain. Overall, our results suggest a model for how CalDAG-
GEFI remains in an autoinhibited state when levels of cytosolic
calcium in resting platelets are low. In response to cellular stim-
ulation, calcium mobilization and binding to the EF hands
causes conformational rearrangements within CalDAG-GEF]I,
including the autoinhibitory linker that frees the catalytic sur-
face of CalDAG-GEFI to engage and activate Rap1B. The data
from this study are the first evidence linking CalDAG-GEFI
activity directly to calcium.

Human survival depends on our ability to prevent blood loss
at sites of vascular injury. Upon damage to the endothelial lin-
ing, blood platelets detect exposed extracellular matrix and
locally produced thrombin, become activated, and form a
hemostatic plug. Critical to plug formation is the engagement
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of allbB3 integrins on the cell surface, a process that depends
on the inside-out signaling to these receptors (1).

Given the unique high-shear environment found in blood
vessels, signal transduction in platelets leading to integrin
inside-out activation has been optimized for sensitivity and
speed. Upon receptor stimulation, the second messenger cal-
cium is rapidly released from the dense tubule system. Calcium
also enters through channels in the plasma membrane, effec-
tively increasing intracellular calcium concentrations 50-fold.
Calcium plays an important role in the activation of alIbf3.
Integrin activation also depends strongly on the focal adhesion
proteins talin-1 and kindlin-3 as well as the small GTPase Ras-
related protein (Rap) 1 (1, 2). The Rapl isozymes RaplA and
Rap1B are guanine nucleotide binding proteins and members of
the large superfamily of Ras small GTPases. Small GTPases act
like molecular switches, cycling between an inactive GDP-
bound and an active GTP-bound state. The biological role of
Rap1B in platelets has been well studied. Genetically modified
mice lacking the RaplB isozyme have a number of platelet
defects, including a marked reduction in integrin activation in
response to agonist stimulation (3).

Small GTPase activity is modulated by guanine nucleotide
exchange factors (GEFs)? and GTPase-activating proteins
(GAPs). The most abundant Rap-GEF and Rap-GAP in plate-
lets are calcium- and diacylglycerol-regulated guanine nucleo-
tide exchange factor I (CalDAG-GEFI, RasGRP2) and Ras p21
protein activator 3 (RASA3, GAP1'"**P), respectively (4, 5).
CalDAG-GEFI contains a Ras exchange motif (REM) domain
with no known function, a catalytic Cdc25 domain, a pair of
calcium-binding EF hands, and an atypical C1 domain with no
known function. Studies in mice, dogs, and humans lacking
functional CalDAG-GEFI demonstrate that CalDAG-GEFI/
RaplB signaling is crucial for rapid activation of allbp3,
required for platelet adhesion at sites of vascular injury (5-8).

EF hands are composed of pairs of helices that typically bind
calcium using acid residues within the intervening loop. These
residues are defined by their relative positions (1, 3, 5, and 12),
and position 12 in particular is a highly conserved glutamate
that coordinates calcium through bidentate interactions.
Mutating this glutamate cripples calcium binding (9, 10). Cal-

2 The abbreviations used are: GEF, guanine nucleotide exchange factor; GAP,
GTPase-activating protein; REM, Ras exchange motif; EGF, epidermal
growth factor; HDX, hydrogen-deuterium exchange; DAG, diacylglycerol.
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Figure 1. CalDAG-GEFI requires calcium to activate Rap1B. A, domain architecture. Rap1B is primarily composed of a Ras-like domain (red), whereas
CalDAG-GEFI is a multidomain protein consisting of a REM domain (salmon), a catalytic Cdc25 domain (green), a putative autoinhibitory linker (red), two
calcium-binding EF hands (blue), and an atypical C1 domain (yellow). CalDAG-GEFI was truncated (dotted lines) at residue 551 for purification. Truncated
residues are not conserved and do not impact the capacity of CalDAG-GEFI to activate Rap1B. Substitutions in CalIDAG-GEFI used in this work are marked (red
circles) below its domain architecture. B, activation of Rap1B by CalDAG-GEFI monitored by the increased fluorescence of BODIPY FL GDP loaded onto Rap1B.
Nucleotide (100 nm) and GTPase (1 um) were incubated in four wells monitored simultaneously (A, e, = 480/520). Select reactions also included 10 mm EGTA
asindicated. At 12 min (left arrow), 400 nm CalDAG-GEFI was added to all reactions except the one marked Rap 1B alone. Addition of 10 mmfree Ca®™* (right arrow)
reconstituted the exchange activity. Inset, purified CalIDAG-GEFI and Rap1B (2 ng) used in nucleotide exchange reactions; stained gel after SDS-PAGE.

cium binding generally leads to major conformational changes
in the EF hands and other regions of the protein (11).

Our functional studies in platelets suggested that calcium is
involved the regulation of CalDAG-GEFI activity (12). In this
work, we present biochemical evidence that both EF hands con-
tribute to CalDAG-GEFI activation and that this requires cal-
cium. Hydrogen—deuterium exchange MS studies further
suggest that calcium binding induces global conformational
changes within CalDAG-GEFI, most prominently in the EF
hands and a putative autoinhibitory linker sequence connecting
the EF hands and Cdc25 domain. Analysis of different mutant
forms of CalDAG-GEFI confirms that the linker is important
for autoinhibiting CalDAG-GEFI in the absence of calcium.
Thus, our work provides the first evidence that CalDAG-GEFI
activity is directly regulated by calcium and that release of auto-
inhibition is the molecular mechanism underlying CalDAG-
GEFI activation.

Results
CalDAG-GEFI activation is calcium-dependent

Previous studies using isothermal titration calorimetry
determined that the isolated EF hands of CalDAG-GEFI (amino
acid residues 417—495) bind calcium with very high affinity (K,
~80 nMm) (13). To determine whether calcium affects catalytic
activity in full-length CalDAG-GEFI, we established a cell-free
nucleotide exchange assay using purified human CalDAG-
GEFI and Rap1B proteins. Purified CalDAG-GEFI (amino acid
residues 1-551, WT) was slightly truncated at the C terminus to
increase protein stability. Rap1B (amino acid residues 1-181)
was purified with a substitution, cysteine 181 to serine, to
increase solubility (Fig. 1A4). Purification was performed using
affinity and size exclusion chromatography. Proteins were
>95% pure as confirmed by SDS-PAGE (Fig. 1B, inset). Proteins
were stable at 4 °C for up to 15 h. Compared with Rap1B alone,
exchange activity increased by ~16-fold in samples containing
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Rap1B and CalDAG-GEFIL Of note, exchange activity was not
altered by addition of free calcium (data not shown). However,
treatment of CalDAG-GEFI with 20 mMm EGTA, a calcium-se-
lective chelator, dramatically reduced catalytic activity. Impor-
tantly, exchange activity was restored upon addition of 10 mm
free calcium, demonstrating that the loss of activity in EGTA-
treated samples was not due to protein instability (Fig. 1B).
These studies suggested that CalDAG-GEFI was purified in a
calcium-bound state and that chelation of calcium crippled its
capacity for nucleotide exchange.

Both EF hands are critical for regulating CalDAG-GEFI
exchange activity

To determine whether and how the individual EF hands reg-
ulate CalDAG-GEFI activity, we mutated a key residue in the
calcium binding loops (Fig. 24). Substitutions of glutamic acid
at position 12 in the calcium binding loop of EF hands has been
shown to reduce the binding affinity for calcium by over 100-
fold (14, 15). Glutamic acid substitution for alanine at position
450 in the N-terminal EF hand (EF1) or position 479 in the
C-terminal EF hand (EF2) markedly decreased nucleotide
exchange toward Rap1B. Catalytic activity was restored by add-
ing increasing concentrations of calcium in EF2, whereas only
partial recovery was observed in EF1. Catalytic activity in the
double EF hand mutant (EF1+2) could not be restored (Fig.
2A). These data provide strong evidence that calcium binding
to EF1 is essential for exchange activity in CalDAG-GEF],
whereas EF2 is important but not essential in this process.
To validate our in vitro findings in a cellular context, we
studied agonist-induced Rapl activation in human embry-
onic kidney 293T cells expressing WT or EF1+2 CalDAG-
GEFI (Fig. 2B). Cellular stimulation with epidermal growth
factor (EGF) led to a significant increase in Rap1-GTP levels
in cells expressing WT CalDAG-GEFI. In contrast, Rapl

SASBMB



Calcium activation of CalDAG-GEFI

Ca% (mM): 0 0.01 == 0.1 =1
3.0 - - -
IWT e | ER1 | EF2 |1 EF1+2
@ kDa kDa kDa
= 72 72 72
S 25 1 - - -
b 1 | .55 55 55
(V] 1 4
S, % ] 36 ] 3 A 36
= 19
v £
BS54 9 4 4 -
£ 1] | I |
| / Rap1B alone A / V-
1-0‘|4_'/- T T ) S T T 1 R T T ] 7-/' T T 1
0 5 10 150 5 10 15 0 5 10 15 0 5 10 15
Time (min)
B.
EGF - + Normalized Rap1-GTP
25
WT = + = = + = EGF - +
EF1+2 - - 4+ = = 4 kDa 201
28
Rap1B-GTP l —— - r 1.5+
Rap1B ‘-.--——"' "28 55 10 I
CalDAG-GEFI L T
il K .. — 004
GST-RalGDS - e 36 WT EF142 WT EF142

Figure 2. Mutations in the calcium-binding EF hands reduce the capacity of CalDAG-GEFI to active Rap1B. A, nucleotide exchange was monitored as
described in Fig. 1. EF1 and EF2 indicate mutant forms of CalDAG-GEFI substituted (E450A and E479A) at equivalent positions within the N- and C-terminal EF
hands, respectively. EF1+2 indicates the double mutant. Insets, stained gels of purified mutants of CalDAG-GEFI (2 n.g) after SDS-PAGE. B, left panel, stained gel
for GST-RBD pulldown of active Rap1B from human embryonic kidney 293T cells expressing WT or EF1+2 proteins after SDS-PAGE and Western blot analysis
(representative of three independent experiments). Cells were incubated for 5 min in the presence and absence of 100 ng/ml EGF before lysis. Right panel,

quantification of Rap1-GTP levels (mean = S.D.).

activation was not observed in EGF-stimulated cells express-
ing EF1+2 CalDAG-GEFIL

Calcium binding to CalDAG-GEFI induces conformational
rearrangements required for its activity

We next performed hydrogen—deuterium exchange MS
experiments (HDX-MS) to determine the differences in deute-
rium uptake between WT and EF1+2 proteins. Measuring the
rate of deuterium uptake defines the stability of hydrogen bond
networks between residues stabilizing secondary structures in
proteins as well as residues that are more solvent-accessible
(16, 17). The most stable hydrogen bonds have the slowest
exchange, whereas more dynamic regions exchange faster. WT
and EF1+2 proteins were exposed to deuterated water for a
designated amount of time and then quenched and digested for
mass spectrometric analysis. We recovered 326 peptides from
the WT sample and 329 from the EF1+2 sample, with complete
coverage of both samples.

The relative difference in deuterium uptake was represented
ina heat map to highlight the regions with slowest (Fig. 34, dark
blue) and fastest (Fig. 34, red) deuterium exchange. WT and
EF1+2 showed unique deuterium exchange signatures, sug-
gesting conformational differences between the active and the
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apo form of the protein. A more than 5% difference in uptake
between two samples is considered significant (17). Deuterium
uptake in a putative autoinhibitory region linking the Cdc25
domain and EF1 was markedly higher in the WT sample (23 and
25%, respectively) (Fig. 3A). Different regions had more than
12% higher rates of exchange in WT compared with EF1+2
(Fig. 3B), including a small portion of the REM domain (19%),
the Cdc25-RaplB interface (20%), and the EF hands (17%).
Displacement of the linker in response to calcium binding
would provide a likely explanation for the very fast deuterium
exchange rates measured for the residues comprising the
Cdc25 domain-Rap1B interface in the WT protein.

Valine 406 contributes to maintain CalDAG-GEFI in an
autoinhibited state

We next determined critical residues within the putative
autoinhibitory linker region using a homology model of inac-
tive CalDAG-GEFI, based on predictions by the Iterative
Threading Assembly Refinement (I-TASSER) server (for more
details, see “Experimental Procedures”). We identified amino
acids 406-410 (VLEEW) as the residues that insert directly
into the Rap1B binding groove (Fig. 4, A and B). This region of
the linker is fully conserved in all mammals. To test whether

J. Biol. Chem. (2018) 293(22) 8521-8529 8523



Calcium activation of CalDAG-GEFI

A.

WT

4 126 150

e fo ] Ll el
N

1

I A5 B
| REM
EF1+2

LA T

iRl B N | |

O P W 100 Relative percent uptake

388 430 499

e i

m o wl =l
o i A

Y

Exposure time (min)

363 431

507 Residues 363-376

_o EF1+2 ]
-
,O”—d

% uptake

Residues 378-407

1 Residues 424-431

T 1 -y T
100 1000 0.001 0.01 0.1

Exchange time (min)

T T T 1 ad T T U
1 10 100 1000 0.001 0.01 0.1 1 10 100 1000

Cdc25
domain

L l';
c1 domaln

> 12% difference in
deuterium uptake at 166 min

~ JEF hands

Figure 3. Differential hydrogen- deuterium exchange between CalDAG-GEFI WT and EF1+2. A, Heat maps of deuterium uptake for CalIDAG-GEFI and
EF1+2. Proteins were incubated in deuterated water for the indicated times prior to measurements of deuterium uptake using MS. The largest differences in
uptake between the two proteins span the putative autoinhibitory linker and EF hands. Heat maps for individual peptides in the linker region are shown below.
B, homology model of CalDAG-GEFI. Light blue map enhanced deuterium uptake (>12%, excluding the linker) of CalDAG-GEFI relative to EF1+2. The majority
of these regions cluster within the binding site for Rap1B and EF hands shown in expanded views.

displacement of this linker is sufficient to activate CalDAG-
GEFI, we purified both WT and EF1+2 protein with an addi-
tional substitution, a valine 406 for glutamic acid, and tested the
capacity of these proteins for nucleotide exchange toward
RaplB. We selected to substitute valine 406, as our homology
model suggested a key role for this residue in anchoring the
autoinhibitory linker in the Rapl binding groove. Consistent
with this conclusion, the VA06E mutation completely restored
catalytic activity in EF1+2 CalDAG-GEF]I, suggesting that the
autoinhibitory linker was displaced in this mutant in absence of

8524 J Biol. Chem. (2018) 293(22) 8521-8529

bound calcium (Fig. 4C). The V406E mutation had a weaker
effect in the WT protein, where nucleotide exchange activity
was still markedly impaired in the presence of EGTA (Fig. 4D).
These studies suggest that the interaction of V406 with the
Cdc25 domain contributes to the autoinhibited state of
CalDAG-GEFIL

Discussion

The four members of the CalDAG-GEF (RasGRP) family are
critical for the proper function of different blood cell types (18).

SASBMB
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Figure 4. Substitution of a conserved valine fully restores the exchange activity of EF1+2. A, homology model of CalDAG-GEF| with the putative
autoinhibitory linker highlighted in red. B, equivalent homology model with the linker removed and Rap1B docked onto the structure. C, substitution of valine
406 (V406E) fully restores the exchange capacity of EF1+2. Inset, stained gel of purified EF1+2+V406E after SDS-PAGE. D, exchange activity of CalIDAG-GEFI
WT+V406E both in the presence and absence of EGTA and exogenous calcium. Inset, stained gel of purified WT+V406E after SDS-PAGE.

They all possess a characteristic domain structure with an
N-terminal REM/Cdc25 catalytic domain and a C-terminal
regulatory domain consisting of a pair of EF hands and a C1
domain. In this work, we investigated the mechanistic details by
which calcium affects nucleotide exchange activity in CalDAG-
GEF]I, a key regulator of Rap1 signaling in platelets. Compared
with CalDAG-GEFII (RasGRP1), the best studied family mem-
ber, CalDAG-GEFI shows significant differences in the Cdc25
catalytic domain and the EF hand and C1 regulatory domains.
CalDAG-GEFII is a RasGEF that exists as a dimer in solution.
Binding of diacylglycerol (DAG) to its C1 domain is critical for
dimer release and, thus, CalDAG-GEFII function. In contrast,
CalDAG-GEFI is primarily a Rap-GEF, does not dimerize, and
does not contain a typical DAG-binding C1 domain. There are
also significant differences with regard to the EF hand regula-
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tory domain; while CalDAG-GEFII contains only one active,
low-affinity (K, > 1 uM) EF hand, CalDAG-GEFI contains two
fully functional EF hands with high affinity for calcium (K, <
100 nMm) (13). The high affinity for calcium is consistent with
the documented role of CalDAG-GEFI in the rapid, calcium-
dependent activation of Rapl and integrin «llbB3 that is
required for platelet adhesion under shear stress conditions
(12). Using biochemical and biophysical approaches, we dem-
onstrate that both EF hands are critical for CalDAG-GEFI func-
tion, and we provide evidence that calcium binding induces
global conformational changes in CalDAG-GEFI, most promi-
nently in an autoinhibitory linker region that prevents Rapl
binding to the Cdc25 domain in the absence of calcium.

Our data suggest a straightforward model for the regulation
of CalDAG-GEFI exchange activity (Fig. 5). In circulating plate-

J. Biol. Chem. (2018) 293(22) 8521-8529 8525
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concentrations of intracellular calcium (A), the linker encompassing valine 406 blocks the surface of the Cdc25 domain that engages Rap1B. As calcium levels
rise (B), the EF hands bind calcium and change conformation. This rearrangement moves the linker, liberating the surface of CalDAG-GEFI needed to bind

Rap1B.

lets with low intracellular levels of calcium, CalDAG-GEFI is in
an autoinhibited state, stabilized by the linker region between
the Cdc25 domain and the EF hands. This linker blocks the
catalytic surface of the Cdc25 domain so that it cannot engage
Rap1B. Upon an external stimulus that raises intracellular lev-
els of calcium, the EF hands bind calcium and change confor-
mation. These conformational changes are coupled to move-
ment of the autoinhibitory linker that reveals the catalytic
surface needed to engage RaplB. After RaplB binding and
GTP-for-GDP exchange, the complex dissociates freeing GTP-
bound Rap1B to engage downstream effectors.

Based on isothermal titration calorimetry experiments, the
individual EF hands of CalDAG-GEFI bind one calcium ion
with high affinity (K, ~80 nm) (13). This result strongly sug-
gests that the two EF hand domains may act in concert to acti-
vate CalDAG-GEFI. Indeed, disabling either EF hand markedly
impaired the exchange activity. Addition of free calcium in a
dose-dependent manner restored exchange activity in the EF2
mutant. In contrast, only a partial recovery of function was
observed for the EF1 mutant. Disabling both EF hands in
CalDAG-GEFI rendered CalDAG-GEFI unresponsive to cal-
cium. These studies suggest that EF2 is critical for high-affinity
calcium binding, whereas EF1 is important for inducing confor-
mational changes required for CalDAG-GEFI catalytic activity.

Regulating activity via high-affinity binding to calcium
explains perfectly why CalDAG-GEFI plays such a crucial role
in platelet function. Platelets circulate at high velocity in the
blood stream, patrolling the vasculature for breaches in the
endothelial lining. To fulfill their hemostatic function, platelets
need to be able to sense minute changes in their environment
and to rapidly change from an anti-adhesive to a pro-adhesive
state. Even weak platelet agonists such as ADP cause rapid and
significant changes in cytoplasmic calcium. CalDAG-GEFI can
quickly integrate this calcium signal and mediate a near-imme-
diate activation of Rap1 and alIb@3 integrin.

8526 J. Biol. Chem. (2018) 293(22) 8521-8529

However, such high sensitivity to calcium also poses a chal-
lenge, as unwanted CalDAG-GEFI activation could lead to pre-
mature platelet activation and thrombosis. In fact, one would
expect that, if CalDAG-GEFI binds calcium at such high affin-
ity, then a large pool of CalDAG-GEFI would be activated in
resting, circulating platelets. Thus, additional regulatory mech-
anisms must be in play to prevent unwanted platelet activation.
One important mechanism that would offset CalDAG-GEFI
signals is negative regulation by RASA3, a Rap-GAP highly
expressed in the platelet membrane. In mice, loss of RASA3
function leads to platelet preactivation, rapid platelet clearance,
and severe thrombocytopenia because of unbalanced CalDAG-
GEFI signaling (4).

It is also possible that CalDAG-GEFI function depends on
more than just calcium binding to its EF hands. For example,
the C1-like domain may provide additional regulatory activity.
Within the CalDAG-GEF family, CalDAG-GEFI is the only
member that contains an atypical C1 domain with very low
affinity for diacylglycerol (K, ~ 2 uM versus K, ~ 5 nm for the
other family members) (19). Structural studies by Iwig et al. (13)
demonstrated that DAG binding to the C1 domain in CalDAG-
GEFII is important to release C1 domain dimerization, causing
protein translocation to the membrane. In contrast, CalDAG-
GEFlis a monomer, and platelets lacking CalDAG-GEFI aggre-
gate normally in response to stimulation with phorbol ester (5),
a DAG mimetic that engages typical C1 domains. However,
platelets expressing a truncated CalDAG-GEFI lacking the C1
domain are defective in their integrin activation and aggrega-
tion responses (20). Thus, the C1 domain clearly plays a role in
CalDAG-GEFI function, but further studies will be required to
unravel the underlying molecular mechanism(s).

The comparison of hydrogen— deuterium exchange profiles
for active (WT) and inactive (EF1+2) CalDAG-GEFI provides
important structural insights into how GEF activity is regulated
by binding of calcium. Central to this regulation are the auto-

SASBMB



inhibitory linker and the EF hands. The autoinhibitory linker is
bracketed by residues with some of the largest deuterium
uptake differentials between the active and crippled forms of
CalDAG-GEFL Furthermore, the regions of the Cdc25 domain
critical for GEF activity, based on the homology model, also
showed markedly increased deuterium uptake in the active pro-
tein compared with the EF1+2 mutant. These differences sup-
port the contention that the autoinhibitory linker moves away
from the catalytic surface of the Cdc25 domain upon engage-
ment of the EF hands by calcium. The fact that substitution of
valine 406, centered within the autoinhibitory linker, is suffi-
cient to fully rescue the exchange capacity of the EF1+2 mutant
strongly supports our interpretation of the HDX data. Our
studies with the WT V406E mutant further suggest that resi-
dues in the vicinity of valine 406 contribute to stabilizing the
autoinhibitory linker in the Rap1 binding groove. At this point,
we can only speculate why the EF1+2 mutant is more sensitive
to introduction of the V406E mutant. We observed that, in the
presence of EGTA, the EF1+2 mutant has a higher exchange
activity relative to the WT protein (data not shown). This find-
ing may suggest that the point mutations in the EF hands have a
minimal effect on the structure of the protein, slightly increas-
ing exchange activity. Introduction of the V4A06E mutation then
shifts the protein into a conformation that allows full activity in
our cell-free assay. In the WT protein, introduction of the
V406E mutation has a milder effect.

It is interesting that additional regions of CalDAG-GEFI
also exhibit differential hydrogen— deuterium exchange. These
regions include portions of the REM domain, the region
between REM and Cdc25 domains, and portions of the C1
domain. Presumably, the calcium-dependent activation of
CalDAG-GEFI is initiated by structural alterations within the
EF hands, but these alterations consequently propagate
throughout the protein. The functional effect of these addi-
tional alterations should be determined in future work, as there
is precedent in Sosl that the REM and Cdc25 domains cooper-
ate to activate Ras (21). Intriguingly, the autoinhibitory linker
might be expected to contain the highest differences in
hydrogen— deuterium exchange based on the proposed model.
However, this is not the case, suggesting that it is not completely
disordered upon calcium-dependent activation. Instead, it seems
likely that this region adopts an alternative, stable conformation
upon calcium binding, perhaps interacting with the EF hands
themselves.

Taken together, our data provide mechanistic insight into
the functional consequences of calcium binding to the EF hands
of CalDAG-GEFI and the structural rearrangements required
for GEF activity to occur. These findings will be important in
our understanding of how mutations in patients impair
CalDAG-GEFI function and in efforts to design inhibitors of
CalDAG-GEFI signaling.

Experimental procedures
Reagents

Horseradish peroxidase—conjugated secondary antibodies
and HisTrap HP affinity and size exclusion columns were pur-
chased from GE Healthcare (Marlborough, MA). FLAG M2
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(catalog no. F3165-2MG) mAb was purchased from Sigma-Al-
drich (St. Louis, MO). EGF (catalog no. E9644), GDP-BODIPY
(catalog no. G22360), and EGTA (catalog no. E1219) were pur-
chased from Gibco/Thermo Fisher Scientific (Waltham, MA).

Protein purification

A plasmid containing the gene coding for human CalDAG-
GEFI was purchased from Harvard University’s Human
ORFeome v5.1. The gene was PCR-amplified using primers
introducing a stop at position 1653 in the nucleotide sequence.
The complementary DNA was subcloned into a p15LIC2 bac-
terial expression vector. The expressed protein, CalDAG-GEFI
(1-551), contained all functional domains plus an N-termi-
nal His, tag required for purification. Cloning was per-
formed according to a ligation-independent cloning proto-
col. CalDAG-GEFI (1-551) EF hand mutant EF1 was made by
substituting glutamic acid to alanine at position 450. EF hand
mutant EF2 was made by substituting glutamic acid to alanine
at position 479. The EF hand double mutant EF1+2 was made
by substituting glutamic acid to alanine at positions 450 and
479. The EF hand linker mutant EF1+2+V406 was made by
substituting valine to glutamic acid at position 406 using
EF1+2 complementary DNA for the PCR template. All muta-
tions were carried out using the QuikChange site-directed
mutagenesis kit (Stratagene) following the manufacturer’s
protocol.

CalDAG-GEFI proteins were expressed in a Rosetta strain of
Escherichia coli (Novagen). Cell cultures were grown at 37 °C in
lysogeny broth, 0.5 um ZnSO,, 50 ug/ml ampicillin, and chlor-
amphenicol. Protein expression was induced by addition of 500
uM isopropyl B-p-thiogalactopyranoside and cells were incu-
bated for 15 h at 20 °C. Cell pellets were resuspended in 20 mm
PIPES (pH 6.8), 300 mm NaCl, 0.5 um ZnSO,, 10 mm -mer-
captoethanol, 10 mm imidazole, 5% glycerol, and 1X protease
inhibitors (Roche). Cell pellets were lysed using an Emulsiflex
C5 cell homogenizer (Avestin) and clarified by ultracentrifuga-
tion at 45,000 rpm for 45 min at 4 °C. Filtered supernatant was
applied to a HisTrap HP affinity column (GE Healthcare) equil-
ibrated with buffer A (20 mm PIPES (pH 6.8), 300 mm NaCl, 8
mM imidazole, and 5% glycerol). Protein was eluted from the
column with 400 mMm imidazole using buffer B (20 mm PIPES
(pH 6.8), 300 mMm NaCl, 1 m imidazole, and 5% glycerol). Peak
fractions were collected, treated with tobacco etch virus prote-
ase overnight at 4 °C and dialyzed in buffer A without imidaz-
ole. A second pass over the HisTrap HP affinity column
removed the cleaved His tag and tobacco etch virus protease
from the sample. Flow-through fractions were concentrated
using a Vivaspin column (Sartoris) with a 10,000 molecular
weight cutoff filter and then loaded onto a Superdex 200 10/300
size exclusion column (GE Healthcare) equilibrated with S200
size exclusion buffer containing 20 mm PIPES (pH 6.8), 300 mm
NaCl, and 4 mm DTT. The final protein product was 95% pure,
monomeric, and concentrated to 20 mg/ml. Aliquots were
flash-frozen in liquid nitrogen and stored at —80 °C.

Human RaplB (1-181) C181S was cloned into the pPro-
EXHtb vector and purified from E. coli. 500 um isopropyl B-p-
thiogalactopyranoside was used to induce protein expression,
and cultures were incubated for 8 h at 20 °C. Protein purifica-
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tion was done using the same chromatography steps as for
CalDAG-GEFI proteins listed above with buffer modifications,
substituting the PIPES buffer with Tris-HCI (pH 7.0), 1 um
ZnSO, with 5 mm MgCl,, and adding 50 um GDP to protein
lysis buffer.

Nucleotide exchange assay

Nucleotide exchange on Rap1B was measured using a fluo-
rescence-based assay as described previously (22). The reaction
volume was 100 ul containing 1 um Rap1B, between 300-500
nMm CalDAG-GEFI, and 100 nm BODIPY-GDP (Life Technolo-
gies). The reaction buffer contained 20 mm Tris-HCI (pH 7.5),
150 mm NaCl, 5 mm MgCl,, 1 mm DTT, 5% glycerol, and 0.004%
NP-40. Reactions were performed in a black-bottom 96-well
plate (Corning). The fluorescent signal was measured using a
Pherastar microplate reader (BMG Labtech) (wavelength exci-
tation/emission = 480/520 nm and 1-nm slits). For calcium
chelation experiments, 100 um CalDAG-GEFI was treated with
10 mM EGTA for 2 h at 4 °C. The sample was spun at 4,000 rpm
for 30 s and then transferred to a new tube containing reaction
buffer, diluting calcium-free CalDAG-GEFI to 400 nMm. Samples
were treated with 10 mm calcium where indicated.

Rap1B pulldown assays

Rap1B pulldown experiments were performed as described
recently (12).

HDX-MS

HDX-MS experiments on WT CalDAG-GEFI and EF1+2
were performed using an Ultra Performance Liquid Chroma-
tography (UPLC) HDX system coupled with a Q-Tof Premier
mass spectrometer (Waters Corp., Milford, MA) as described
previously (23). Briefly, each protein sample was buffer-ex-
changed into PBS and then diluted to 1.5 mg/ml. 1 ul of sample
was diluted 1:7 (v/v) in 10 mMm phosphate, 99.9% D,O, pD 7.0
at 20 °C using a robotic autosampler to initiate hydrogen—
deuterium exchange. Exchange reactions were quenched after
0.01, 0.15, 1.6, 16, and 166 min by placing them at 1°C and
adding an equal volume of precooled quenching buffer (100 mm
phosphate, 0.5 M tris(2-carboxyethyl)phosphine, 0.8% formic
acid, and 2% acetonitrile (pH 2.5)). Each sample and each time
point were done in replicates of six. Samples from each time
point were fragmented through a Waters Enzymate BEH pep-
sin column, and the peptic fragments were separated on an
in-line C18 HPLC column and then analyzed by MS. Mass
assignment for each peptide without HDX was inspected man-
ually; any assignment with a mass deviation >0.2 Da was
removed. The extent of deuterium incorporation in each pep-
tide was calculated and tabulated using the Waters software.
The relative fractional deuterium uptake is represented as a
heat map and was measured for each peptide by calculating the
number of residues that exchange an amide proton for deute-
rium over the total number of protons that are able to exchange
(peptide length —1) and averaged for each time point.

Homology model

The homology model of CalDAG-GEFI was built using the
I-TASSER server available to academic researchers through the
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Zhang laboratory at the University of Michigan. I-TASSER gen-
erated our model by comparing the protein sequence of
CalDAG-GEFI with protein sequences of all proteins that have
crystal or cryo-EM structures deposited in the Protein Data
Bank. These structures were used as templates to predict sec-
ondary structures in CalDAG-GEFI based on sequence homo-
logy to the template sequence. In addition, the sequence in
CalDAG-GEFI lacking a template, typically disordered loop
regions, was modeled ab initio as secondary structures hav-
ing the lowest free energy. I-TASSER predicted five homo-
logy models of CalDAG-GEFI, ranked in order from highest
to lowest probability; we chose the highest probable model.
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